Cast-in-place anchor bolts embedded in plain and steel fibre-reinforced normal-and high-strength concrete members were subjected to monotonic tensile loads. The influence of the concrete member thickness, concrete strength, and the addition of steel fibres to the concrete mixture, on the anchorage capacity and performance was evaluated. The experimental results were evaluated in terms of anchorage capacity, anchorage ductility and stiffness as well as failure mode and geometry. Furthermore, the validity of Concrete Capacity (CC) method for predicting the tensile breakout capacity of anchor bolts in plain and steel fibre-reinforced normal-and high-strength concrete members was evaluated.
Introduction
Fastening systems, which use the mechanical interlock as a load transfer mechanism to convey external loads to concrete structures, typically fail via concrete-related failure modes, such as concrete cone breakout and concrete splitting. Concrete splitting failure may occur when an anchor is placed in a relatively thin concrete member or very close to adjacent anchor/s or concrete free edges. Concrete cone breakout failure is characterized by the formation of a cone-shaped fracture surface in concrete at the anchoring zone. This failure mode is fairly common for various types of anchors under tensile loads. Previous numerical and experimental studies on single cast-in-place anchor bolts under tension loads showed that the concrete cone circumferential cracking initiates at approximately 30% of the ultimate load. In addition, the concrete cone crack growth is stable up to the ultimate load [1] . It was observed that at ultimate load, concrete cone cracks do not reach the concrete surface. The ratio of the length of concrete cone cracks at ultimate load to the side length of a full-cone envelop varies from 0.5 to 0.25 with increasing anchor embedment depth [1] . As the deformation at ultimate load is exceeded, the concrete cone crack growth become unstable and the full-cone envelop forms completely with increasing deformations at post-peak load.
In general, concrete cone breakout and splitting failures are characterized as brittle failures because the load-displacement curves associated with these failures decline sharply after peak load, due to rapid and unstable propagation of concrete cracks. For these brittle failure modes, the full tensile capacity of concrete is utilized, thereby resulting in concrete cracks at the anchoring zone.
Steel failure may also occur if steel in the anchor experiences a tensile stress that exceeds its ultimate tensile strength while the concrete remains undamaged. This failure is considered a ductile-failure mode and is rarely observed but may occur if the steel in the anchor is ductile and if the anchor embedment depth is extremely large. In addition, a ductile failure for cast-in-place headed anchors may also be achieved if the concrete contains reinforcement in the anchoring zone.
Compared to the ordinary concrete (i.e. non-fibre-reinforced), Steel Fibre-Reinforced Concrete (SFRC) has shown improved flexural tensile strength, residual flexural tensile strength and post-peak cracking behaviour [2] . Several studies showed that the use of SFRC material leads to an improved structural capacity and performance (i.e. increased flexural, shear and punching resistance, increased flexural stiffness, improved ductility, and reduced crack widths and crack spacing) compared to ordinary concrete [3] [4] [5] .
It is expected that fastening systems that are susceptible to brittle-concrete failures may have an improved anchorage capacity and performance when they are placed in SFRC members. Although currently the use of SFRC has become popular in practice, the structural behaviour of fastening systems in SFRC has not been fully investigated.
Over the last few decades, several investigations, via experiments and numerical simulations, of various anchorage systems in Normal-strength Plain Concrete (NPC) have led to the development of theoretical and empirical models for predicting the failure load of these systems [1, [6] [7] [8] [9] [10] [11] [12] . The tested anchors were, however, all embedded in NPC members and, hence, the proposed models may underestimate the anchorage capacity in SFRC members. In addition, concrete compressive strength for most of the tested anchors considered in the previous studies was <50 MPa, albeit in a short number of tests it was up to 70 MPa. However, the current design standards and guidelines allow designing fastening systems in high-strength concrete with compressive strength of up to 70 MPa [13] [14] [15] [16] [17] .
High-strength concrete is, by nature, more brittle than normalstrength concrete. As investigations on fastenings in this material have rarely been reported, further experimental evaluations of fastenings in concrete members with compressive strengths >50 MPa are recommended.
In addition, the influence of global bending stiffness of the concrete member (e.g. member thickness and surface reinforcement) and size of anchor-head on the anchorage capacity and performance is neglected by the current models for predicting the tensile bearing capacity of fastenings. Nilforoush et al. [18, 19] have, via numerical simulations, recently shown that (i) the tensile breakout capacity of headed anchors increases with increasing the member thickness or size of anchor-head, and/or if surface reinforcement is present, (ii) the anchorage is governed by the concrete splitting failure, rather than the concrete cone breakout failure, if concrete member is relatively thin and unreinforced.
The use of high-strength SFRC may allow the design of relatively thin structural concrete members for loads corresponding to normal-strength concrete and, hence, its use is becoming common practice. Although theoretical models were developed for the design of such members, further investigations of anchorage behaviour in relatively thin high-strength SFRC are required.
In this paper, the influence of the member thickness, concrete strength, and steel-fibre addition to the concrete mixture, on the tensile breakout capacity and performance of cast-in-place headed anchors is experimentally investigated. Nineteen single cast-inplace headed anchors were tested in plain and steel fibrereinforced normal-and high-strength concrete members. The experimental results are presented in terms of load-displacement curve, anchorage ultimate load, anchor displacement at the ultimate load and at the load corresponding to the initiation of concrete cone circumferential cracking (i.e. considered as 30% of the ultimate load), anchorage stiffness and ductility, and failure mode and geometry. In addition, the validity of the Concrete Capacity (CC) method for predicting the tensile breakout capacity of anchor bolts in plain high-strength concrete and steel fibre-reinforced normal-and high-strength concrete is evaluated. Furthermore, another experimental study is ongoing to evaluate the influence of member thickness, anchor head size and surface reinforcement on the tensile breakout capacity of headed anchors. The test results will be presented and discussed in detail in a separate paper.
Current models for tensile capacity of anchor bolts in concrete
In the case of steel failure, the resistance of an anchor is directly proportional to the steel strength and the cross-sectional area of the anchor shaft. Although the failure load associated with this failure is quite simple and well understood, the established theoretical model for determining the failure load associated with concrete splitting failure is more complex. In fact, the failure load for splitting failure of a particular anchor type is often determined by approval tests.
The failure load associated with concrete cone breakout can be reasonably calculated via the Concrete Capacity (CC) method (referred to as the Concrete Capacity Design (CCD) method in the US), proposed by Fuchs et al. [12] . The CC method, which is a basic model for predicting the tensile breakout capacity of fastening systems in concrete, has been incorporated into (i) several design standards in the US (e.g. ACI 349-01 [13] and ACI 318-08 [14] ), (ii) various design-oriented documents in Europe (e.g. CEB Design Guide [15] and CEN/TS 1992-4 [16] ), and (iii) internationally in the fib Bulletin 58 [17] . Based on the CC method, the mean tensile breakout capacity of a single cast-in-place anchor, unaffected by concrete free-edge influences or overlapping cones of adjacent anchors, can be evaluated from: The CC method assumes a concrete cone angle of $35°, with respect to the concrete surface, which leads to an idealized projected cone area of $3.0h ef Â 3.0h ef on the concrete surface [12] .
Experimental program
The experimental study was performed in the laboratory of the Division of Structural and Fire Engineering at Luleå University of Technology (LTU), Sweden. A total of nineteen single cast-inplace anchor bolts were subjected to monotonic tensile loading. Testing parameters, such as the concrete member thickness, concrete compressive strength, and the addition of steel fibres to the concrete base material, were considered. Four different test series were considered in this experimental program (see Table 1 for matrix of experimental program). The typical geometry of the test specimens, including both the side and top views, is shown in Fig. 1 . The test specimens were designed to fail via brittle-failure modes associated with concrete (the designed tensile strength of the steel anchor bolts was sufficiently high to prevent steel failure). In all test series, a single anchor bolt with an effective embedment depth of h ef = 220 mm was placed in the center of a concrete slab. The length (L) and width (W) of concrete slabs for all specimens were identical (L = W = 1300 mm), whereas the height of concrete slabs (H) varied from 1.5 to 3.0 times the anchor embedment depth (i.e. H = 330, 440 and 660 mm).
In series (i)-(iv), the anchor bolts were tested in Normalstrength Plain Concrete (NPC) members, Normal-strength steel Fibre-Reinforced Concrete (NFRC) members, High-strength Plain Concrete (HPC) members, and High-strength steel Fibre-Reinforced Concrete (HFRC) members, respectively. The test specimens were identified by names with three parts: the first, second, and third parts respectively specify the type of concrete base material, concrete member thickness, and the test replicate number.
Cast-in-place anchor bolts
The steel headed anchors consisted of M36 standard threaded rods (shaft diameter: d 0 = 36 mm) with a round bearing nut (diameter: d h = 55 mm, thickness: t h = 30 mm) at the end. As shown in Fig. 2(a) , the threaded rod was covered with a thin plastic tube (thickness: 2 mm) to prevent friction and adhesion between the rod and the concrete. The threaded rods composed of a grade 10.9 steel which had a yield strength f yk and ultimate strength f uk of 900 and 1000 MPa, respectively, as stipulated by the manufacturer.
Concrete specimens
The concrete slabs were cast with ready-mix concrete of grades C30/37 and C65/80 (referred to as normal-strength and highstrength concrete). Two different mixtures were used for each concrete grade (i.e. plain concrete and concrete with steel wire fibres of hooked-end type). The mix proportions of all concrete mixtures are given in Table 2 . The water-cement ratio (w/c) of normal-and high-strength mixtures was 0.55 and 0.35, respectively. The fibre content for the steel fibre-reinforced concrete mixtures was 80 kg/m 3 (corresponding to $1% of the concrete volume). The steel fibre-reinforced concrete mixtures and the plain concrete mixtures consisted of the same concrete ingredients. However, a high-range water-reducing admixture of $0.65% of the cement weight was added to the fibre-reinforced concrete mixtures to sustain the flow consistency of this concrete. The applied steel fibres had an aspect ratio of 65 corresponding to a length and diameter of 60 mm and 0.92 mm, respectively (see fibre geometry in Fig. 2b ).
Directly after casting, the concrete slabs were covered by polyethylene sheets for 24 h and then cured with wet burlap for an additional 7 days. The concrete slabs were kept indoors at an ambient temperature of 10°C until testing. The anchor pullout loading was carried out after the concrete had cured for $60 days to exclude the influence of concrete strength growth at the time of anchor pullout testing.
During casting the concrete slabs, additional concrete cubes (side: 150 mm) were cast from the same concrete batches to evaluate the compressive and tensile splitting strength of the concrete mixtures (at least ten cubes from each batch: five cubes for the compressive test and the other five cubes for the tensile splitting test). Furthermore, additional concrete beams (L550 Â W150 Â H150 mm) were cast from each concrete batch to evaluate the fracture properties of concrete (i.e. the fracture energy for the plain concrete mixtures, and the flexural tensile strength and residual flexural tensile strength for the fibrereinforced concrete mixtures). The concrete cubes and beams were cured under the same curing conditions as the concrete slabs.
The compressive and tensile splitting strengths of concrete, at the time of anchor pullout loading, were evaluated in accordance with EN 12390-3 [20] and EN 12390-6 [21] , respectively. The mean values along with the coefficients of variation (COV) of the measured concrete cube compressive strength and concrete tensile splitting strength are listed in Table 2 . For the plain concrete mixtures, the concrete fracture energy was measured by means of a three-point bending loading test on standard concrete notched beams in accordance with RILEM TC 50-FMC [22] . The mean values and corresponding coefficients of variation of concrete fracture energy are given in Table 2 . The flexural tensile strength and residual flexural tensile strength for the fibre-reinforced concrete mixtures were also measured by means of a three-point bending loading test on standard concrete notched beams in accordance with CEN-EN 14651 [23] . The load versus CMOD (i.e. crack mouth opening displacement) curves for all concrete mixtures are presented in Fig. 3 . The flexural tensile strength and residual flexural tensile strength for the fibre-reinforced concrete mixtures are presented in Table 3 .
Testing procedure

Test setup and loading equipment
A genral view of the test setup and loading equipment is shown in Fig. 4 . Anchor pullout loading was performed in an unconfined test setup. To prevent the vertical movement of the testing concrete slab, a stiff circular steel ring with an inner diameter of L sup = 4.0Áh ef = 880 mm was used as a vertical support. This ring was placed on a thin gypsum layer on the concrete surface to accommodate the concrete surface roughness. Loading was performed on the top of the anchor shaft using a displacementcontrolled system to capture the post-peak load-displacement behaviour of anchor bolts. This loading was applied to the bolts by means of a hollow cylinder hydraulic jack with a capacity of 100 ton. The load was applied to the bolt through a 36-mm diameter high-strength steel rod which was directly connected to the top of the anchor shaft using a coupling nut. The jack was placed on a stiff cross steel beam rested on the circular steel ring (see Fig. 4 ). Prior to pullout loading, the bolts were all manually preloaded to $30 kN using a mechanical tightening nut at the end of the loading rod to provide full confinement between the ring and the testing concrete slab. The bolts were then loaded, under displacement-control, at a constant displacement rate of 1 mm/ min until the peak load was reached. After the peak load, the displacement controlled loading was continued; however, the displacement rate was increased to 2 mm/min.
Instrumentation
The applied load was measured by a load cell that was placed on the top of the hydraulic jack. For measuring the anchor displacement, a measurement platform fabricated from a square steel plate was secured perpendicular to the anchor bolt, at 50 mm above the concrete surface, using a hex nut above and another below the platform (see Fig. 4b ). The surface of the platform served as the reference level for the anchor displacement. This displacement was measured by two wire sensors installed symmetrically on the corners of the platform. These sensors measured the displacement of the anchors relative to two rigid points outside the concrete slab, on the solid ground, by means of two rigid frames. The frames were supported from outside the slabs in which their contacts with any other structural member and testing equipment, which could have produced inaccurate displacement readings, were prevented. The sensors could measure displacements of up to 150 mm with an accuracy of <0.1%. The axial displacement of the anchor bolts, to the end of loading, was taken as the average of the two wire sensor measurements.
To ensure the accuracy of the displacement readings, the displacement was also measured with two linear variable differential transformers (LVDTs) installed symmetrically at the other corners of the measurement platform: at an identical distance of 100 mm from the anchor. The LVDTs had a maximum traveling length of 25 mm and an accuracy of <0.001 mm. A data acquisition system was used to continuously record the load and displacement data. The displacements measured by the wire sensors were relatively close to those measured by the LVDTs, thereby confirming the accuracy of the measurements performed by the sensors.
Experimental results and discussion
Experimental results, including the ultimate load for the tested anchors (N u,test ), the anchor displacement at the initiation of concrete cone cracks (D 0.3Nu ), and the anchor displacement at ultimate load (D Nu ) are summarized in Table 4 . This table also shows the mean concrete cube compressive strength (f ccm ) on the day the anchor bolts were tested. As the table shows, f ccm varied from $39 to 41 MPa and $80 to 82 MPa for normal-strength and highstrength concrete mixtures, respectively. The CC method (Eq. (1)) stipulates that the tensile breakout capacity is proportional to the square root of the concrete compressive strength. Therefore, a normalized ultimate load (N Ã u;test ) to the average concrete compressive strength of f cc = 40 MPa and f cc = 81 MPa, respectively for anchor bolts in normal-strength and high-strength concrete, was calculated by multiplying the measured values with the factor (40/f cc,test ) 0.5 and (81/f cc,test ) 0.5 . Table 4 also presents the mean normalized capacity at tests (N Ã u;test ), the failure load predicted by the CC method (N u;calc: ), the corresponding ratio of the mean normalized capacity to the predicted value (N Ã u;test =N u;calc: ), and the observed failure modes.
The anchorage ductility was evaluated by defining a ductility factor (DF) which was considered as the ratio of the displacement at ultimate load to the displacement at initiation of concrete cone cracks (D Nu /D 0.3Nu ). The mean values of ductility factor for the tested headed anchors are shown in Fig. 5 . The anchorage stiffness was also measured as the secant stiffness to 30% of the ultimate load (K 0.3Nu ) and also to the ultimate load (K Nu ). Fig. 6 shows the mean values of K 0.3Nu and K Nu for the tested headed anchors in concrete members of various thicknesses and base materials.
Overall behaviour
In general, the anchorage capacity and the displacement at ultimate load increased slightly with increasing member thickness. The test results showed that, the anchorage capacity and stiffness increases by increasing the concrete compressive strength, while the displacement at ultimate load and anchorage ductility decreases significantly. The anchorage capacity and ductility as well as the displacement at ultimate load improved significantly when steel fibres are present in the concrete mixture.
Influence of member thickness
The load-displacement curves of anchor bolts in normalstrength plain concrete (NPC) members of various thicknesses are shown in Fig. 7 . As the figure shows, the ultimate load and anchor displacement at ultimate load increase slightly with increasing thickness of the member. In addition, the anchorage ductility (DF) increases by increasing member thickness (see Fig. 5 ), whereas the anchorage stiffness (K 0.3Nu and K Nu ) decreases slightly (see Fig. 6 ). Fig. 7 also shows that the post-peak anchorage behaviour in NPC members is quite brittle, especially for those anchors housed in the thinnest concrete slabs. This behaviour is evidenced by the sharp decline of the load-displacement curves after peak loads, which is due to the development of rapid and unstable concrete cracks after the peak load.
The experimental results of case (i) indicate that the ratio of the measured failure load to that predicted by the CC method (Eq. (1)) increases with increasing thickness of the concrete member (see Table 4 ). This ratio for anchor bolts in concrete members with a thickness of 1.5, 2.0 and 3.0 times the anchor embedment depth is 1.0, 1.08 and 1.17, respectively. The measured capacity of headed anchors in the thinnest NPC members agrees quite well with the value predicted by Eq. (1). However, it seems that Eq. (1) underestimates the mean tensile breakout capacity of anchor bolts in thick NPC members. These results concur with the numerical results by Nilforoush et al. [18, 19] .
Influence of concrete strength
The load-displacement curves of anchor bolts in HPC and NPC members are compared in Fig. 8 . As the figure shows, the headed anchors in HPC members have significantly higher capacity, but lower anchor displacement at the peak load, than those in NPC members. Fig. 5 also shows that the anchorage ductility decreases significantly in HPC members. Although K 0.3Nu for the headed anchors in HPC members remains almost unchanged, compared with those in NPC members, K Nu increases significantly (see Fig. 6 ). In contrast to the load-displacement curves of anchor bolts in NPC members, the curves associated with bolts in HPC members are quite linear and exhibit a well-defined ultimate load and displacement. This might be attributed to the brittle nature of high-strength concrete in comparison with the ordinary normalstrength concrete. Furthermore, the post-peak anchorage behaviour in HPC members became extremely brittle: no crack was observed on the concrete surface until the peak load was reached and the anchor bolts failed with no prior noticeable anchor displacement after the peak load. Directly after peak load, failure occurred suddenly with a loud concrete crushing noise. This brittle failure of the headed anchors in HPC members may be prevented by reinforcing concrete member.
As Table 3 shows, the ratio of the measured failure load associated with anchor bolts in HPC members to that predicted by the CC method is 1.06. Although it seems that the CC method can reasonably estimate the failure load in HPC members with compressive strengths of up to 80 MPa, the anchorage behaviour in HPC members is quite brittle. Therefore, caution should be exercised in the design of fastenings in plain high-strength concrete.
Influence of steel fibres in concrete
The load-displacement curves of anchor bolts in NFRC and HFRC members of various thicknesses are shown in Figs. 9 and 10 , respectively. Figs. 9 and 10 also show the failure load predicted by the CC method (Eq. (1)) in concrete members with compressive strengths of 40 and 81 MPa, respectively.
The figures show that, regardless of the member thickness, the maximum load and the anchor displacement at ultimate load increase significantly when steel fibres are present in the concrete mixture. Furthermore, the post-peak failure load and anchor displacement increase significantly (see, Figs. 9 and 10) . The headed anchors in NFRC and HFRC members carried pullout loads of >300 kN at anchor displacements of up to 40 mm. The addition of steel fibres also resulted in a significant increase in the anchorage ductility (see Fig. 5 ). As anchor displacement at peak load was considered for evaluating the ductility factor and anchor bolts in SFRC members showed quite larger displacements after peak load (compared to the anchors in plain concrete members), thus the actual ductility factor of anchors in SFRC may be quite larger than the values presented in Fig. 5 .
As Table 4 shows, when H is increased from 1.5h ef to 2.0h ef , the ratio of the failure load to the load predicted by the CC method varies from (i) 1.29 to 1.37 and (ii) 1.37 to 1.51 for anchor bolts in NFRC and HFRC members, respectively. This indicates that the anchorage capacity in SFRC members also increases with increasing member thickness. The ratio of the failure load to the load predicted by the CC method further indicates that the CC method considerably underestimates the tensile breakout capacity of anchor bolts in SFRC. As the compressive strength of NPC and HPC mixtures are approximately identical to NFRC and HFRC mixtures, respectively, it seems that the concrete cone failure load of anchor bolts in the steel fibre-reinforced concrete is influenced by the fracture properties of concrete (i.e. tensile strength and fracture energy), rather than the compressive strength.
5.5. Failure mode and failure geometry Fig. 11 shows the crack patterns at failure for anchor bolts in NPC members of various thicknesses. The NPC members all undergo concrete cone breakout, except for the thinnest NPC members which failed via mixed-mode concrete cone and splitting failure. In fact, by increasing the load on anchor bolts in the thinnest NPC members, the concrete cone circumferential cracks are initiated at the anchor head and then propagated towards the concrete surface. However, concrete bending/splitting cracking also occurs and dominates the failure mode, eventually dividing the concrete slab into two separate pieces at the anchor peak load. This mixed mode failure mechanism explains the more brittle post-peak behaviour of anchor bolts in the thinnest NPC slabs compared with those in the thickest members (see Fig. 7 ). Increasing member thickness and the consequent increased global bending stiffness of the concrete member, leads to transition of the failure mode from mixed-mode concrete cone and splitting to pure concrete cone breakout. This increase in stiffness prevents premature bending/splitting cracking, thereby resulting in the formation of concrete cone cracks which dominate the failure mode. These findings correspond closely with the results of the recent numerical study by Nilforoush et al. [18, 19] . Fig. 12 shows the failure pattern of the anchor bolts in HPC members. These bolts were failed via mixed-mode concrete cone and splitting failure. In contrast to the mixed-mode failure observed in the thinnest NPC members, the concrete surface of HPC members remains free of bending/splitting cracks until the peak load is reached. In fact, concrete cone circumferential cracking occurs abruptly and dominates the failure. Although the anchors in HPC members fail primarily via concrete cone breakout, a severe bending/splitting crack forms rapidly, after peak load, and divides the concrete slabs at the mid-span. As the HPC slabs were unreinforced, it seems that they have reached their ultimate bending strengths at the anchor peak load. This might be the reason for the brittle post-peak behaviour of anchor bolts in HPC members. The brittle post-peak behaviour of anchor bolts in HPC members may have been avoided if the concrete slabs had been reinforced [19, 24] .
The failure pattern of anchor bolts in NFRC and HFRC members of various thicknesses are shown in Figs. 13-16 . The steel fibres are randomly distributed in the concrete slabs. In general, at similar anchor displacements, fewer concrete cracks form for anchor bolts housed in NFRC and HFRC members than those housed in NPC and HPC members. Similar to the anchor bolts in the plain concrete, the bolts in NFRC and HFRC fail primarily via concrete cone breakout. However, additional radial bending cracks form on the surface of the steel fibre-reinforced concrete slabs, and propagate from the loaded anchor bolt towards the concrete free edges. These cracks in the thin and thick NFRC members are initiated at $76% and 94% of the ultimate load, respectively (corresponding to an anchor displacement of $5.9 mm and 9.8 mm, respectively). Similarly, radial bending cracks in the thin and thick HFRC members are initiated at $79% and 92% of the ultimate load, respectively (corresponding to an anchor displacement of $3.7 mm and 7.7 mm, respectively). The initiation of these cracks is postponed with increasing member thickness, and the occurrence thereof can be prevented by reinforcing the concrete members. Although radial cracks occur in anchor bolts housed in NFRC and HFRC slabs, these bolts are quite ductile and can carry pullout loads of >300 kN at anchor displacements of up to 40 mm.
The concrete cones formed in NFRC and HFRC have similar shapes to those formed in NPC and HPC. However, the concrete cones on the surface of the steel fibre-reinforced concrete slabs have smaller diameters than those formed on the plain concrete slabs. Furthermore, the average cone angle, with respect to the concrete surface, varies from 25 to 30°and 30 to 35°for the bolts in plain concrete and steel fibre-reinforced concrete, respectively. Although the failure cone area on the surface of the steel fibrereinforced concrete is smaller than that of the plain concrete, the enhanced capacity and ductility can be attributed to the improved flexural tensile strength, residual flexural tensile strength and post-peak cracking behaviour of steel fibre-reinforced concrete (see Fig. 3 ).
Conclusions
The tensile breakout capacity and performance of cast-in-place headed anchors embedded in plain and steel fibre-reinforced normal-and high-strength concrete members of various thicknesses were experimentally evaluated. Testing parameters such as the member thickness, concrete compressive strength, and the addition of steel fibres to the concrete base material were considered. Based on the experimental results, the following conclusions can be drawn:
1. The tensile breakout capacity of headed anchors increases with increasing the thickness of concrete member. The maximum load observed during testing of the thinnest plain concrete members corresponds closely with that predicted by the Concrete Capacity (CC) method (Eq. (1)). However, the anchorage capacity increases up to 17% with increasing the member thickness from 1.5 to 3.0 times the anchor embedment depth. 2. The tensile bearing capacity of anchor bolts increases by increasing concrete strength. However, the anchorage behaviour in the High-strength Plain Concrete (HPC) members was more brittle than that in the Normal-strength Plain Concrete (NPC) members. These bolts failed suddenly without prior noticeable anchor displacement after peak load. The CC method (Eq. (1)) provides reasonable estimation of the failure load of anchor bolts in high-strength concrete members with compressive strengths of up to 80 MPa. However, caution should be exercised in designing anchor bolts in HPC members. It is highly recommended to confine concrete member by some orthogonal surface reinforcement to overcome the brittle post-peak behaviour of anchors in HPC. Alternatively, the addition of 80 kg/ m 3 steel fibres of hooked-end type to concrete can prevent the brittle post-peak behaviour of headed anchors in both NPC and HPC members. 3. The addition of steel fibres to the concrete mixture leads to a significant increase in the tensile breakout capacity of headed anchors in both normal-and high-strength concretes. The anchor displacement at ultimate load and the anchorage residual strength and ductility also increase significantly. The experimental results showed that the CC method (Eq. (1)) considerably underestimates the tensile breakout capacity of headed anchors in steel-fibre reinforced concrete. 4. The tested headed anchors all failed via concrete cone breakout, except for those in the thinnest NPC members which failed via concrete splitting. The splitting-failure mode of the thin plain concretes transitioned to concrete cone breakout when the member thickness was increased.
5. At the same anchor displacement, fewer concrete cracks formed in anchor bolts in Normal-strength Fibre-Reinforced (NFRC) and High-strength Fibre-Reinforced Concrete (HFRC) members than in NPC and HPC members. 6. To propose a reliable model for predicting failure load of anchors in SFRC material, further experimental and numerical evaluations of anchors at various embedment depths in SFRC members of various geometries and properties are required.
